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SPRAY COMBUSTION CHARACTERISTICS OF
PALM BIODIESEL
Cheng Tung Chong1,2 and Simone Hochgreb2
1Faculty of Mechanical Engineering, Universiti Teknologi Malaysia, Skudai,
Johor, Malaysia
2Hopkinson Lab, Department of Engineering, University of Cambridge,
Cambridge, UK
The potential of palm methyl esters (PME) as an alternative fuel for gas turbines is investi-
gated using a swirl burner. The main air ﬂow is preheated to 623K, and a swirling spray ﬂame
is established at atmospheric pressure. The spray combustion characteristics of PME are
compared to diesel and Jet-A1 fuel under the same burner power output of 6 kW. Investi-
gation of the fuel atomizing characteristics using phase Doppler anemometry (PDA) shows
that most droplets are distributed within the ﬂame reaction zone region.PME droplets exhibit
higher Sautermean diameter (SMD) values than baseline fuels, and thus higher droplet pen-
etration length and longer evaporation timescales. The PME swirl ﬂame presents a different
visible ﬂame reaction zone while combusting with low luminosity and produces no soot. NOx
emissions per unit mass of fuel and per unit energy are reduced by using PME relative to those
of conventional fuels.
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INTRODUCTION
Concerns about the rising fuel price and global climate change have led to the
search for alternative fuels and energy sources. Biodiesel is recognized as a viable sub-
stitute for diesel fuel. The growing importance of biodiesel is shown through the
increasing annual productions and blending mandates that have been implemented
in various countries (REN21, 2010). Biodiesel can be produced from vegetable and
animal oils through a transesteriﬁcation process, in which the triglycerides from
vegetable oils react with methanol to form methyl esters and glycerol (Van Gerpen
et al., 2004). Depending on the feedstock, the biodiesel produced typically consists
of a mixture of several methyl esters. The physical properties of biodiesel are compa-
rable to those of diesel, albeit with lower heating values. For this reason, biodiesel can
be used neat or as a blend with diesel in compression ignition engines. It was reported
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that biodiesel is able to reproduce the desired efﬁciency as diesel fuel but with higher
fuel speciﬁc consumption (Xue et al., 2011). Lower emissions of soot, CO, and CO2
but higher NOx were achieved by using biodiesel (Nabi et al., 2006; Xue et al., 2011).
Although biodiesel is mainly used in diesel blends in compression-ignition
engines, application in gas turbine engines or furnaces for power generation is further
envisaged. The feasibility of using biodiesels in gas turbines has been shown in ﬁeld
tests. Molie`re et al. (2007) demonstrated that NOx emission of rapeseed biodiesel is
lower compared to diesel fuel in a 40 MW gas turbine. The emissions of CO and
NO for soy, palm biodiesel, and 20% biodiesel blend with diesel are reported to be
similar in a semiclosed cycle gas turbine ﬁeld test (Ellis et al., 2008). Implementation
of emission mitigation measures requires detailed understanding of the combustion
characteristics of different fuels.
Krishna (2007) examined the emissions of soy biodiesel and blends of soy bio-
diesel with diesel fuel in a 30 kW micro gas turbine engine (Capstone C30) test. The
results showed reduction of CO and NO emissions for biodiesel and blends and no
loss of thermal efﬁciency. However, Bolszo andMcDonell (2009) reported an increase
of NOx emissions when soy biodiesel was used instead of diesel, but that improved
NOx emissions could be achieved by increasing the mass ratio of the atomizing air
to liquid fuel. The conﬂicting results show that a more in-depth investigation of
biodiesel combustion is needed.
There have been a few combustion tests on biodiesel conducted using swirl
burners. Sequera et al. (2008) investigated the emissions of diesel, soy methyl ester,
soy ethyl ester, and bio-oil pyrolized from hardwood. Their results demonstrated that
biodiesel blended fuels emitted lower NOx and CO at conditions where the fuel ﬂow
rates are kept constant. Similar trends of emission reduction using biodiesel were
observed in experiments conducted by Panchasara et al. (2009). It was reported that
the reduction of NO emission of biodiesel is associated with the lower ﬂame tempera-
ture that is achieved with the increase of atomizing air. Hashimoto et al. (2008) inves-
tigated the emissions of palm biodiesel relative to diesel in a gas turbine–type burner.
The result indicates that NO emission for palm biodiesel is consistently lower com-
pared to diesel fuel when plotted as a function of excess air ratio, droplet Sauter mean
diameter (SMD), atomizing air pressure, and viscosity. These results indicate that
biodiesel produces lower NOx emissions than diesel fuel under gas turbine conditions,
contrary to the higher NOx emissions measured in compression-ignition engine
experiments (Canakci, 2007; Nabi et al., 2006).
In this article, the combustion characteristics of palm biodiesel are investigated
under the swirling spray ﬂame conditions using phase Doppler anemometry (PDA)
and ﬂame imaging techniques. The data obtained can be used as validation targets
for biodiesel swirl ﬂame modeling as well as practical combustor or injector design.
The emission performance of the PME relative to baseline fuels is also investigated.
EXPERIMENTAL
Burner and Flow Delivery
The swirl burner in this experiment consists of a circular quartz tube forming the
combustor wall and a swirler at the burner outlet. The axial swirler consists of eight
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straight vanes ﬁxed at the angle of 45, which generate strong swirl intensity. The
geometric swirl number, SN, is calculated as 0.78 based on the following equation:
SN ¼ 2
3
1 ðDh=DsÞ3
1 ðDh=DsÞ2
" #
tan h
where Dh and Ds represent the swirler hub diameter and the swirler diameter, respect-
ively, and h is the angle of the swirl blade from the centerline (Beer and Chigier, 1972).
A plain-jet airblast atomizer (Delavan, SN type-30610-1) is placed concentrically with
the swirler. The diameters of the air and fuel oriﬁce are 1.73mm and 0.5mm, respect-
ively. The swirl vanes and airblast nozzle are ﬂushmounted to the burner face as shown
in Figure 1a. The swirler is held by a central tube, designed for delivering atomizing air
and liquid to the atomizer. The liquid spray generated from the atomizer is enveloped
by the swirling air coaxially. The atomizing air and fuel ﬂows are independently
controlled. The fuel ﬂow rate is accurately supplied to the atomizer via a Bronkhorst
Coriolis mass ﬂow controllers (M13 mini CORI-FLOW), with an accuracy of 0.4%.
The main air ﬂow and atomizing air are separately regulated by two Bronkhorst
thermal mass ﬂow controllers (MFC), which deliver the full scale accuracy of  1%
respectively. The schematic of the single swirl ﬂame burner conﬁguration and ﬂow
delivery system is presented in Figure 1b.
The main air ﬂow is heated by two in-line air heaters (750W=heater) arranged in
series. The burner plenum and body are additionally heated by three Omega rope hea-
ters (500W=rope) and insulated with high temperature heat-resisting materials to
reduce heat loss. A 1.5mm diameter thermocouple is placed 10mm under the swirler
to measure the temperature of the main air. The heating facility allows the main air to
be preheated to a temperature of 350C. The signal from the thermocouple provides
the feedback control to the temperature controller of the air heaters. The uncertainty
of the temperature associated with the preheated air is within5K. The whole burner
is constructed using stainless steel.
Figure 1 (a) Geometry of the swirl burner and (b) schematic of the ﬂow delivery system. (Figure is
provided in color online.)
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Fuel
Biodiesel is typically composed of a mixture of methyl esters with no aromatic
rings or sulfur. Due to the presence of oxygen in the molecules, biodiesels have lower
heating values compared to conventional petroleum fuels. The winter grade palm
biodiesel=methyl esters (PME) used in this experiment are supplied by Carotino
Sdn. Bhd. Malaysia. The PME conforms to the European Union’s EN14214 standard
with the approximated composition of 43.1% methyl oleate, 39.5% methyl palmitate,
10.4% methyl linoleate, and 5% methyl stearate (Gopinath et al., 2009). Jet-A1 fuel is
a light distillate fuel that consists of complex hydrocarbon mixtures of 50–65% par-
afﬁns, 10–20% aromatics, and 20–30% naphthenes (Dagaut et al., 2006). The stan-
dard Jet-A1 fuel used here is sourced from Conoco Limited, UK. Another
conventional fuel tested here is diesel fuel. The present commercial grade low-sulfur
diesel fuel is obtained from a Shell petrol station in the UK. The typical composition
of diesel fuel is 25–50% of parafﬁns, 20–40% of cycloparafﬁns, and 15–40% of aro-
matics (Farrell et al., 2007). Comparison of the properties of biodiesel with conven-
tional fuels is shown in Table 1. PME has higher density and viscosity compared to
diesel. The low volatility of PME is reﬂected by the relatively high ﬂash point of
174C. The ignition delay time of PME is shorter than diesel, as indicated by the
higher cetane number. The composition of C=H=O for PME is 77.3=12.2=10.5% by
weight based on the laboratory microanalysis result.
Operating Conditions
The main bulk swirling air ﬂow is preheated to a temperature of 350Cwhile the
liquid fuel and atomizing air are delivered to the atomizer at room temperature. The
interaction of the swirling air ﬂow with the liquid spray forms a globally lean mixture.
To compare the combustion characteristics of the fuels, the ﬂames are established at
the same power output condition. The air and fuel mass ﬂow rates are metered
accordingly based on the fuel’s energy content to obtain the burner power output
at 6 kW while maintaining a global equivalence ratio of u¼ 0.47. In the case of
PME, the fuel ﬂow rate is increased by 17% due to lower heating values to maintain
Table 1 Properties of diesel, Jet-A1, and PME
Properties Jet-A1 Diesel PME
Approx. formula C11H21 C16H34 C19H36O2
H=C ratio 1.98 1.9 1.89
C=O ratio – – 9.83
Spec. grav. 15C 0.81 0.85 0.88
Viscosity 40C (cSt) – 2.6 4.5
Pour point (C) – –20 –18
Flash point (C) 38 60–72 174
Boiling range (C) 166–266 190–360 >215
LHV (kJ=kg) 43150 43090 36770
Cetane number – 52 62.6
Laboratory analysis.
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the same conditions as diesel and Jet-A1, as indicated in Table 2. The atomizing
air-to-fuel mass ﬂow rate ratio (ALR) is set constant at 2.0 for all test cases.
Phase Doppler Anemometry (PDA)
The simultaneous measurement of droplet velocity and size is performed using
PDA. The droplet size is determined based on the measured phase shift difference
between two Doppler bursts, whereas the droplet velocity is obtained from the
Doppler burst frequency (Durst and Zare, 1975). The 1D PDA (Dantec 112mm Fiber
PDA) consists of a continuous-wave Argon-ion laser (Coherent, Innova 70C) that
produces a laser beam at 514.5 nm. The beam from the laser is split into two almost
identical beams via a beam splitter. A 500mm focal lens is used to form ameasurement
volume at the intersection point of the beams. The receiving optics that house the
detectors are positioned at 56off-axis to the transmitter to capture the light scattered
from the droplets. Table 3 shows the beam transmitter and the optical settings for the
PDA system. Both the transmitting and receiving optics are mounted onto a 3-D tra-
verse systemwith stepper motors that have the spatial accuracy of 0.1mm. The PDA
measurement was performed within the ﬂames established at the burner outlet.
Measurements were taken at axial positions of 10, 15, and 20mm downstream of
the burner outlet, as indicated in Figure 2. Locations close to the spray outlet were
not measured, as the dense spray region may cause the PDAmeasurements to be unre-
liable. A minimum of 2000 data points were taken for each spatial point along the
radial proﬁles. The statistical uncertainty is estimated to be 2% and 5% for the droplets
velocity and diameters, respectively, which could be due to optical misalignment or
Table 2 Operating conditions
Fuel Main air (g=s) Fuel (g=s) Atomizing air (g=s) Global u Power (kW)
Diesel 4.15 0.14 0.28 0.47 6.0
Jet-A1 4.09 0.14 0.28 0.47 6.0
PME 4.04 0.16 0.32 0.47 6.0
Table 3 PDA optical setting
Transmitting optics
Wavelength 514.5 nm
Power 0.8W
Beam spacing 45mm
Beam width 2.2mm
Focal length 500mm
Number of fringes 26
Width of measurement vol. 0.149mm
Length of measurement vol. 3.312mm
Receiving optics
Focal length 310mm
Scattering angle 56
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setting errors in photomultiplier (Zhang and Ziada, 2000). Validation rates deter-
mined by the PDA software for the droplets’ velocity and sizes were at least 90%.
For volume ﬂux measurements, the present uncertainty is estimated to be 30% based
on the comparison of the integrated volume ﬂux and the volume ﬂow rate under non-
reacting spray. The uncertainty is attributable to the nonuniform intensity distribution
(Gaussian beam effect) in the measurement volume, suppressed scattered light due to
slit aperture (slit effect), and the miscalculation of cross-sectional area (Zhang and
Ziada, 2000). Sampling statistics for the volume ﬂux should be extensive to prevent
undersampling of droplets in larger bins.
RESULTS AND DISCUSSION
Droplet Velocity and SMD Profiles
Measurements of the spray characteristics of reacting ﬂows established from die-
sel, Jet-A1, and PME fuels were performed under ﬁxed power output conditions. The
droplet velocity and SMD proﬁles on one side of the centerline are shown in Figure 3
for 10, 15, and 20mm from the burner outlet. The x-abscissa indicates the radial pro-
ﬁle from the centerline (x¼ 0mm) of the burner. At 10mm from burner exit, the drop-
let velocity peaks at the radial position of 3mm as shown in Figure 3a. The droplet
axial velocity proﬁle then decreases as the radial distance increases from the centerline.
At a further downstream location of 15mm, the velocity peak appears at a wider radial
distance as a result of the interaction of the spray with the main swirling ﬂow as shown
in Figure 3b. The strong radial ﬂow from the swirling ﬂow induces a radial pressure
gradient, in which the central recirculation zone is formed while the spray spreads
radially. The strong reverse ﬂow at the centerline region interacts with the droplets,
which lowers the droplet velocity further downstream.
Diesel exhibits a similar droplet velocity and SMD proﬁles as PME at locations
10 and 15mm downstream of the spray outlet. A low SMD value is observed at the
centerline region but gradually increases with increasing radial positions. Between the
Figure 2 PDA setup and measurement locations. (Figure is provided in color online.)
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radial position at 8mm and the centerline, the droplets are distributed within the
intense heat release region. The heat propagated from the reaction zone assists in
vaporizing the small droplets within this region. At the radial position of 5mm, which
coincides with the location of maximum volume ﬂux, a slight increase of SMD values
for diesel and PME is observed.
At the downstream location of 20mm, the difference between droplet velocity
and size becomes more obvious, as presented in Figures 3c and 3f. PME droplets show
higher SMD and velocity values than diesel droplets at the same spatial locations. The
larger SMD value for PME droplets is due to the inﬂuence of higher viscosity and
surface tension values compared to diesel fuel. The small and scarce droplets at the
centerline and periphery region have completely vaporized, whereas the high droplet
density region sustains some larger droplets. The remaining large PME droplets
contain higher momentum and thus enable longer penetration length with extended
evaporation time.
Jet-A1 ﬂame shows a slightly lower velocity and SMD values compared to diesel
and PME fuels at all axial locations. This is because Jet-A1 fuel is more volatile and
has a lower boiling point value compared to the heavier hydrocarbons. Hence, drop-
let vaporization occurs in a relatively shorter time scale due to the higher dispersion
rate and smaller droplet size. The smaller droplets contain lower velocity due to the
loss of momentum as the downstream axial distance increases.
The droplet size and axial velocity distribution superimposed on the mean CH
chemiluminescence intensity are shown in Figures 4a and 4b for Jet-A1 and PME
Figure 3 Droplet axial velocity (a,b,c) and SMD proﬁles (d,e,f) for diesel, Jet-A1, and PME ﬂames
established under constant power conditions for three different heights from the burner face.
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ﬂames, respectively. Despite the different shape of the heat release zone shown by the
CH chemiluminescence signal, the overall droplet distribution is rather similar.
Small droplets are distributed within the reaction zone, while bigger droplets are
located outside the ﬂame zone. The intense heat within the ﬂame facilitates evapor-
ation of droplets. At the downstream location of 20mm, droplets at the center region
are completely vaporized, and no further CH chemiluminescence is detectable. The
larger droplets outside the ﬂame zone appear at much lower velocity than the smaller
droplets at the center region of the ﬂame. The high droplet velocity at the centerline
region is attributed to the high momentum attained from the atomizing air. The PME
ﬂame shows an overall larger droplet distribution compared to the Jet-A1 ﬂame.
Droplet Concentration and Volume Flux
The droplet number density and volume ﬂux proﬁles of the spray ﬂames at the
axial locations 10, 15, and 20mm downstream of burner outlet are shown in Figure 5.
The distribution at all downstream axial locations indicates that droplet concen-
tration peaks at a distance away from the centerline (x¼ 0mm). The PME ﬂame pre-
sents higher peak droplet number density than diesel and Jet-A1 by factors of two and
four, respectively, at the spatial radial position of 7mm as shown in Figure 5a. The
high droplet density and volume ﬂux is partly due to the higher mass ﬂow rates of
PME by 17% compared the baseline fuels under constant power output condition
of 6 kW. The remaining larger PME droplets that are not completely vaporized also
contribute to the droplet density count. Jet-A1 fuel shows lower droplet number
density and volume ﬂux present in the ﬂame due to the high volatility of the fuel,
which facilitates vaporization.
Despite the slight difference of droplet SMD proﬁles between diesel and PME
(Figure 3), the droplet concentration and volume ﬂux are observed to be lower for
diesel at all spatial locations. The droplet density peaks shift from radial position
7mm to 9mm between downstream axial locations of 15 and 20 mm due to the radial
spreading of the spray. In regions where the droplet number density is high, rapid
mixing with air creates a leaner mixture for reactions. This is shown in Figure 4 where
Figure 4 Droplet velocity and size distribution within the (a) Jet-A1 and (b) PME swirl ﬂames superim-
posed on the corresponding CH chemiluminescence signals. (Figure is provided in color online.)
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the intense heat reaction zone corresponds to the locations where the droplet density
peaks. Away from the ﬂame zone (x> 10mm), the droplets exhibit larger SMD
values, but the droplet number density and volume ﬂux distribution in these regions
is very low as shown in Figure 5. The CH chemiluminescence intensity peaks at loca-
tions where the droplet density is high but with relatively small droplets. This suggests
that the variation of the spray droplet distribution and concentration has signiﬁcant
inﬂuence on the ﬂame shape and reaction zone.
Flame Imaging
The global ﬂame structure of liquid swirl ﬂames was imaged via line-of-sight
CH chemiluminescence (430 10 nm) and broadband spectrum (>550 nm) using
an intensiﬁed CCD camera. The obtained line-of-sight images were averaged (300
images) and deconvoluted via Abel transformation to obtain the planar ﬂame struc-
tures. The excited CH chemiluminescence from the ﬂames can be used as an indi-
cator of heat release rate (Hardalupas and Orain, 2004). Figure 6 shows the planar
ﬂame structures for diesel, Jet-A1, and PME swirl ﬂames, respectively. The Jet-A1
ﬂame exhibits a heat release zone of similar shape to diesel, but with a slightly wider
ﬂame angle. The PME ﬂame presents a more locally intense central ﬂame front. The
high intensity of the CH emission for PME could be due to the late vaporization of
droplets and higher localized diffusion ﬂames.
Figure 5 Droplet number density (a,b,c) and volume ﬂux(d,e,f) proﬁles at axial locations 10, 15, and
20mm from burner outlet under the power output of 6 kW. Note the different y-scales on each ﬁgure.
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The length of all the ﬂame reaction zones based on CH chemiluminescence is
approximately 30mm downstream of the burner outlet. This demonstrates that the
highest local ﬂame temperature occurs in a relatively similar spatial region within the
combustor. Complete vaporization and consumption of droplets occurs within this
region despite the difference in fuel source. The corresponding half-plane radial
CH intensity proﬁles at 4, 8, 13, and 17 mm from the burner outlet are presented
in Figure 7, where x¼ 0mm indicates the centerline of the burner. The Jet-A1 ﬂame
shows similar CH intensity proﬁles at 13 and 17mm as diesel ﬂame, but with lower
intensity peaks at axial proﬁles of 4 and 8mm. The PME ﬂame shows similar inten-
sity proﬁles at 4 and 8mm as Jet-A1, but higher intensity at 13 and 17mm compared
to both Jet-A1 and diesel ﬂames.
As most of the spectral intensity of the ﬂame is distributed in the form of
thermal radiation continuous spectra of 550 nm and beyond, a CCD camera coupled
with a broadband longpass ﬁlter is used to image the region where soot is present.
The longpass ﬁltered images of Jet-A1, diesel, and PME are presented in
Figures 6d–6f. Jet-A1 and diesel ﬂames present a sooty region downstream of the
reaction ﬂame zone, but the latter shows much higher intensity than the former
due to the high sooting tendency. From observation, both fuels establish a bluish
ﬂame near the burner outlet (where the intense heat release occurs) and a luminous
yellow ﬂame downstream. The bluish premixed ﬂame near the ﬂame root is the typi-
cal characteristics of twin-ﬂuid atomizer where the atomizing air enhances mixing
with droplets (Lefebvre, 1980). The intense luminosity is attributed to the soot radi-
ation as a result of high content of aromatic rings in diesel (20–40%) and Jet-A1
fuel (10–20%).
Figure 6 Abel transformed (a,b,c) CH chemiluminescence and (d,e,f) longpass ﬁltered (>550nm)
imaging. (Figure is provided in color online.)
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In contrast, the PME ﬂame exhibits no sign of soot within the combustor. The
ﬂame shows only the bluish region equivalent to a premixed ﬂame. The image shown
in Figure 6f indicates that the intensity is mainly emitted from the heat release zone.
The low luminosity of the palm biodiesel ﬂame has also been observed by Hashimoto
et al. (2008) in a swirling ﬂame investigation established using a pressure-swirl noz-
zle. The presence of oxygen in palm biodiesel enhances the local premixed combus-
tion of hydrocarbon with oxygen, whereas the absence of aromatic rings inhibits the
formation of soot and the sooty yellowish ﬂame brush downstream. It has also been
reported that the soot generated from biodiesel is rapidly oxidized due to the initial
incorporation of oxygen groups in the molecule (Song et al., 2006).
The intensity proﬁles of longpass signals (>550 nm) at 12, 22, 30, and 40mm
downstream of burner outlet are shown in Figures 7d, 7e, and 7f for diesel, Jet-A1,
and PME ﬂames, respectively. The diesel ﬂame shows higher ﬂame intensity by a
factor of three compared to the Jet-A1 ﬂame. The highest intensity is found to occur
at the proﬁle of 30mm downstream of the burner exit for both ﬂames, whereas PME
shows no sign of soot at this particular region. The only intense region in the PME
ﬂame (12mm downstream) coincides with the reaction zone, and the proﬁle is similar
to those shown in Jet-A1 ﬂame at the same spatial location.
Flame Spectroscopy
Flame emission spectroscopy was performed by spectrally resolving the ﬂame
spectrum into UV and near-infrared range (200–900 nm). The global ﬂame spectrum
Figure 7 Intensity proﬁles of (a,b,c) CH chemiluminescence and (d,e,f) longpass ﬁltered (>550 nm)
signals for diesel, Jet-A1, and PME swirl ﬂames under the power output of 6 kW. (Figure is provided
in color online.)
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signal was focused onto the slit of a spectrometer (USB2000þ ; Ocean Optics) via a
focusing lens. Figure 8 shows the global ﬂame spectra obtained from diesel, Jet-A1,
and PME swirl ﬂames. All ﬂames show discrete peaks due to excited radicals. The
diesel ﬂame shows a prominent rising baseline between 550 and 850 nm due to the
intense luminosity radiated by the soot. The peak around visible wavelength of
600 nm indicates the color spectrum of yellow-orange as observed in the ﬂame. The
Jet-A1 ﬂame shows a reduced intensity for the soot band by half compared to the die-
sel ﬂame. The obtained ﬂame spectroscopy concurs with the spatially resolved long
bandpass (>550 nm) ﬁltered images as shown in Figure 6 where the soot formation
for the Jet-A1 ﬂame is lower than the diesel ﬂame. The PME ﬂame is characterized
as soot-free based on the near-zero intensity between the wavelength band of 580
and 900 nm.
Emission Measurements
The post-combustion emissions of CO, NO, and NO2 were measured using a
Tocsin 320 gas analyzer at the combustor outlet. A sampling probe of 4mm in diam-
eter was placed 10mm inward from the burner exit to sample across the burner outlet.
The area-velocity-weighted emissions values were obtained from ﬁve equally spaced
positions with 2min of sampling time for each spatial location. The sampling line
was preheated to 180C and insulated to prevent condensation of post-combustion
products.
Due to the variation of power density between the fuels, scaling to same power
output and fuel=air mass ratio yields the global equivalence ratio of 0.47, 0.47, and
0.40 for diesel, Jet-A1, and PME ﬂames, respectively. The atomizing air to liquid mass
Figure 8 Flame emission spectroscopy measurements compared under the same power output conditions
of 6 kW. The spectra of Jet-A1 and PME are displaced along the wavelength axis byþ 10 and þ20 nm,
respectively, for clarity. (Figure is provided in color online.)
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ratio was maintained at 2.0 for all test cases, while the total air=fuel mass ratio was 32.
The emission results of NO, NO2, and CO obtained as a function of power output and
area-velocity weighted are shown in Figure 9. The emission indexes are expressed in
emissions per unit kg of fuel (Figures 9a–9c) and kWh (Figures 9d–9f).
The PME ﬂame shows a slight reduction of NO and NO2 emissions compared to
diesel and Jet-A1 ﬂames when expressed in per mass of fuel burned. Due to the lower
heating value of PME, the emission index is slightly higher on a per-unit energy basis.
Even so, the emissions of NO and NO2 is lower when compared to diesel and Jet-A1.
The reduction of NOx emissions per unit mass and per unit heating value using
PME fuel under spray ﬂame conditions has also been reported by Hashimoto et al.
(2008). The peak stoichiometric ﬂame temperatures for PME (2564K) are similar
to those of diesel (2559K) and Jet-A1 (2587K) (Chong and Hochgreb, 2011). Since
PME droplets are slightly larger, as indicated in Figure 3, one would expect, if any-
thing, for NOx emissions to be higher for PME than hydrocarbon fuels. However,
the oxygen in PME may suppress CH production, thus reducing prompt NOx sufﬁ-
ciently to create an overall reduction. PME contains no aromatic ring, and
the ﬂame is characterized by near-zero soot as shown in the long pass ﬁltered
(>550 nm) signals in Figure 6f and the sootless spectra in Figure 8. Diesel and Jet-A1
ﬂames exhibit relatively similar NO, NO2, and CO emissions.
NO emissions decrease as the power output increases, as shown in Figures 9a
and 9d. The reduction of NO at higher power output is most likely a result of the
reduced residence times as the ﬂow rates increase. A slight increasing trend in CO
Figure 9 Emission indices for NO, NO2, and CO as a function of burner power output expressed in (a–c)
mass per unit mass of fuel and (d–f) mass per unit energy. AFR¼ 32, ALR¼ 2.0, u¼ 0.47 for diesel and
Jet A-1, and u¼ 0.40 for PME.
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emission is observed, possibly for similar reasons, as CO has less time to oxidize. NO2
is present at an order of magnitude lower than NO, with the emission values that are
almost constant with the increase of power output.
CONCLUSIONS
The spray combustion characteristics of PME have been compared to diesel and
Jet-A1 ﬂames under the same power output condition. The droplets within the react-
ing ﬂames are characterized using a PDA system. The interaction of the recirculation
ﬂow and the droplets causes the lower droplet velocity at the centerline region. The
ﬂame reaction zone coincides with spatial positions where the droplets density and
volume ﬂux are high. PME droplets show slightly higher SMD values than baseline
fuels with higher droplet concentration and volume ﬂux. The swirl ﬂame generated
from PME shows a bluish, low luminosity ﬂame without a yellow sooty region. From
CH chemiluminescence imaging, the PME ﬂame shows a more intense localized heat
release region than ﬂames established from conventional fuels. Longpass ﬁltered
(>550 nm) imaging shows no sign of soot for the PME swirl ﬂame, as supported by
the spectrally resolved ﬂame spectra. Emissions measurements indicate that PME
produces lower NOx per unit mass of fuel and per unit energy under overall lean mix-
ture, continuous, swirling spray ﬂame conditions.
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